This study investigates the functional consequences of two mutations, A194E and A216P, in the splicing factor gene PRPF31 linked to autosomal dominant retinitis pigmentosa (RP11). Using a yeast complementation assay, we demonstrate that introduction of the human A216P mutation into the yeast orthologue PRP31p results in only partial rescue of growth at the restrictive temperature, indicating that splicing function is not fully restored. An in vivo assay of splicing function in human cells using a bovine rod opsin splicing template did not detect any defect in splicing efficiency or accuracy attributable to either mutation, suggesting that neither has a dominant negative effect on splicing. However, western analysis and immunofluorescence microscopy of mammalian cells transfected with PRPF31 revealed that both mutations substantially hinder translocation of the protein into the nucleus. The overall effect may thus be an insufficiency in splicing function, which is revealed only under conditions of elevated splicing demand. With the need to replenish disc proteins on a daily basis, such conditions will exist in rod photoreceptors and this may underlie the disease pathology.
INTRODUCTION
Retinitis pigmentosa (RP) is a genetically heterogeneous disorder characterized by progressive degeneration of the peripheral retina leading to night blindness and loss of visual fields. The disorder is characterized by bone spicule-like pigmentary deposits and a reduced or absent electroretinogram and often progresses to complete blindness in later life. With an incidence of around 1 in 3500, RP can be inherited as an X-linked, autosomal-dominant or autosomal-recessive condition. Eleven known autosomal dominant loci have been reported, including eight identified genes. The three most recently identified genes all encode proteins involved in premRNA splicing, HPRP3 on chromosome 1p13-q21 (RP18) (1), PRPC8 on chromosome 17p13.3 (RP13) (2) and PRPF31 on chromosome 19q13.4 (RP11) (3) .
Mutations in PRPF31 (RP11) have now been identified in British, Japanese and American families, implicating this gene as a major cause of autosomal-dominant RP (3) . Affected members from all these families have a type II/regional form of RP and, uniquely, show an 'all or none' form of incomplete penetrance. A detailed clinical description of RP11 families has been reported previously (4, 5) . Seven mutations have been described including two missense changes (A194E and A216P), deletions leading to frameshifts, a duplication resulting in the insertion of 11 novel amino acids and two splice site mutations (3) .
The splicing of pre-mRNA in the nucleus is catalysed by a large ribonucleoprotein complex, the spliceosome. The spliceosome consists of the pre-mRNA substrate and several small nuclear ribonucleoproteins (snRNPs) together with splicing factors not integrated into snRNPs. Each snRNP is a stable complex of an RNA molecule (snRNA) and several proteins, some of which are common to all snRNPs (the Sm proteins) and others specific to a given snRNP (6) . Splicing of the vast majority of introns (the so-called 'U2 introns') involves five snRNPs, U1, U2, U4, U5 and U6. Spliceosome assembly involves firstly the binding of U1 and U2 to the pre-mRNA substrate with the formation of a pre-splicing complex (complex A), followed by binding of a trimer of U4/U6 þ U5 to form the spliceosome proper (complex B). Two transesterification reactions result in the removal of the intron as a lariat structure and splicing together of the two exons. After splicing, the spliceosome dissociates to the snRNP level (Fig. 1) .
The gene PRPF31 encodes a 61 kDa protein (PRPF31, also referred to as splicing factor 61 K) which has been shown to be integral to the U4/U6 þ U5 trimer (7) . At each round of premRNA splicing, the U4/U6 þ U5 tri-snRNP must be assembled from its components, U4/U6 and U5. PRPF31 is operationally defined as U4/U6-specific as it remains bound to this particle at salt concentrations where the tri-snRNP dissociates. However, as shown by two-hybrid analysis and biochemical assays, it also interacts with a U5-associated 102 kDa protein, PRP6P (8) . Thus the primary role of PRPF31 is thought to be to recruit and tether U5 to U4/U6 to yield the tri-snRNP.
The probable function of the RP11 gene in pre-mRNA splicing was deduced on the basis of sequence identity with the PRP31p and PRP31þ genes in the yeasts, Saccharomyces cerevisiae and Schizosaccharomyces pombe, respectively (9, 10) . The overall sequence identities between PRPF31 and the two yeast proteins are surprisingly low for factors that are involved in such a fundamental cellular process (20% with S. cerevisiae PRP31p, 38% with S. pombe PRP31þ). However, a Nop domain, which corresponds to a putative snRNA binding domain found in other pre-RNA-processing ribonucleoproteins (Pfam) (11), shows a much higher percentage identity (up to 47%). Whilst yeast PRP31p has been shown to be associated with the U4/U6 þ U5 tri-snRNP, functional differences between the mammalian and yeast proteins have been demonstrated. In particular, unlike PRPF31, PRP31p does not appear to be essential for U4/U6 or U4/U6 þ U5 assembly but is involved in the recruitment of the tri-snRNP to the prespliceosomal complex (12) .
In this study we address the consequences of two diseaseassociated mutations in PRPF31, the missense mutations A194E and A216P, on the functionality and localization of the protein variants. On the basis of yeast mutant complementation data, mammalian cell expression studies and protein localization experiments, we believe that these mutations result in a deficiency in splicing function under conditions of high splicing demand, as pertains in rod photoreceptor cells in the retina and this may underlie the pathology of the disease.
RESULTS
Complementation of PRP31p function in a PRP31p-deficient strain of yeast Yeast PRP31p was originally identified by screening a panel of EMS-generated temperature-sensitive yeast mutants defective in pre-mRNA splicing (13) . One of these strains, JWY2857, was shown to have a defect in the PRP31p gene such that it is able to grow at the permissive temperature of 23 C but fails to grow at the restrictive temperature of 37 C. Transformation of this strain with a plasmid expressing wild-type yeast PRP31p fully complements the defective gene (9) . In order to examine the functional equivalence of the yeast and human genes, the coding sequence of human PRPF31 was cloned into the yeast expression vector pMyr and used to transform the PRP31p-deficient strain. Although the transformed strain was able to grow at 23 C, it still failed to grow at the restrictive temperature of 37 C (Fig. 2) . Confirmation of expression of the human protein in yeast cells was obtained by using the construct Figure 1 . Role of PRPF31 in pre-mRNA splicing. PRPF31 is a splicing factor specific to the U4/U6 snRNP and its primary role is believed to be to recruit and physically tether U5 to U4/U6 to yield the tri-snRNP. 
pMyr-humanPRP
His that placed a His-tag on to the C-terminus of the protein. Western analysis of cell extracts with the antiHis antibody revealed that human PRPF31 protein was expressed. These results strongly suggest that human PRPF31 cannot complement the function of yeast PRP31p. This failure may be explained by the low degree of sequence similarity between yeast PRP31p and human PRPF31 (20% identity), leading to potential problems in protein-protein interactions, or a lack of common functionality reflected in the rather different roles played by the two proteins in pre-RNA splicing in yeast and humans.
Of the two disease-causing mutations chosen for this study, only A216P occurs at a residue that is widely conserved in PRP31p orthologues across species. Indeed, this residue is conserved from bacteria to plants (Fig. 2B) . In S. cerevisiae, the equivalent site is A226. In order to investigate whether a corresponding substitution of A226P in yeast PRP31p would have an effect on the ability of the protein to complement the defect in the PRP31p-deficient strain, an A226P substitution was introduced into a yeast PRP31p expression construct by site-directed mutagenesis and used to transform the PRP31p-deficient strain. As shown in Fig. 2A , the strain harbouring the A226P mutation was able to grow at both 23 and 37 C although, at the higher temperature, the strain grew more slowly than when complemented with wild-type yeast PRP31p. This indicates that the A226P mutant does not fully complement the temperature-sensitive mutant when grown at the restrictive temperature of 37 C. Expression from the pMyr vector is leaky, as shown by the growth of the strain under noninducing conditions (glucose medium) when transformed with wild-type PRP31p. After transformation with the A226P mutant, growth under non-inducing conditions is extremely slow but becomes significant on transfer to inducing conditions (galactose/raffinose medium; Fig. 2A ), indicating that the effect of the mutation can be overcome by protein overproduction. The change of the highly invariant alanine at position 226 to the amino acid proline is likely to have an effect on the structure in this highly conserved region of the protein. In yeast, this change would appear to have a significant but relatively mild effect, consistent with a reduced activity of the splicing system. The A194E mutation was investigated in a similar manner. In the yeast protein, the equivalent position is occupied by a leucine residue (L204) and when this was replaced by glutamate, the resulting construct was able to complement fully the temperature-sensitive strain. Thus the yeast L204E variant would appear to have sufficient activity to support normal growth at 37 C. This can be explained on the basis that the position is not highly conserved (Fig. 2B) and the steric problems that might arise from accommodating a bulky glutamic acid residue into the position normally occupied by an alanine in the human protein would be less pronounced in the yeast protein, which naturally houses a leucine at this position.
Expression of human PRPF31 in a human cell line
No PRPF31-deficient mammalian cells lines are available to enable similar in vivo analyses of PRPF31 proteins. However, the effect of a dominant mutation can be monitored in cells transfected with a high-expression mutant construct where the normal endogenous gene product will be diluted by mutant protein. The cDNA sequence for PRPF31 was therefore amplified from human retinal cDNA and cloned into the expression vector pTriEx-1. This vector utilizes the strong chicken b-actin promoter enhanced by the CMV immediate early enhancer (14) . The resulting construct was used to transfect the human cell line, HEK 293T.
Protein extracts from transfected cells were examined by SDS-polyacrylamide gel electrophoresis with Coomassie staining. No gross differences in the protein banding patterns indicative of defective splicing were observed between cells transfected with the wild-type construct and those transfected with mutant constructs A194E and A216P. However, a band running at around 61 kDa, presumed to be PRPF31 itself, varied in band intensity (Fig. 3A) . This band was more intense in whole cell extracts from cells transfected with either wildtype or mutant PRPF31 constructs in comparison with cells transfected with empty pTriEx-1 vector, indicating that the expression level of the PRPF31 protein was indeed high. The band was also stronger in soluble cytosolic and nuclear fractions from cells transfected with wild-type constructs than from cells transfected with the A194E and A216P mutant constructs.
The pTriEx-1 construct places a C-terminal His.tag onto the expressed protein. Confirmation of the identity of the 61 kDa band present on the Coomassie-stained gel as the PRPF31 protein was obtained therefore by probing a corresponding western blot with an a-His.tag antibody (Fig. 3B) . Although the total levels of wild-type and mutant PRPF31 expressed in the cells is similar, lower levels of soluble protein are present in the nucleus and cytosol with the A194E and A216P mutants than with the wild-type. For the wild-type, the combined signal strength from the cytosolic and nuclear fractions is approximately equal to that from the whole cell fractions, indicating that the majority of expressed protein is soluble. However, for the A194E and A216P mutants, it appears that a large fraction of the expressed PRPF31 is insoluble.
In vivo functional analysis in the human cell line
Commensurate with its general function in splicing, PRPF31 is expressed in all human cell types (3), yet the RP11 mutations only appear to be detrimental in the rod photoreceptor cells of the retina. A possible explanation for this apparent inconsistency lies in the observation that the outer segments of rod photoreceptors undergo circadian shedding of disc membranes (15) and the level of mRNA for rod opsin, the most abundant protein of the disc membranes, also displays a daily rhythm (16, 17) . This potentially places a very high demand on the cell for rod opsin synthesis at these times and even minor defects in mRNA splicing may, over time, compromise cell viability. The corollary of this is that such mutations may only reveal their limitations where the requirements for splicing are particularly high.
In order to further examine the efficiency and accuracy of splicing in HEK 293T cells expressing mutant PRPF31, a construct was made which expressed a synthetic bovine rod opsin transcript containing a single intron, intron 4 (pMT4i4). This splicing construct was driven by the strong adenovirus major late promoter and would be expected to generate a high copy number of transcripts requiring splicing by the cell. HEK 293T cells were co-transfected with this splicing template and the pTriEx.PRPF31
His expression construct. Total cellular RNA was then assayed by RT-PCR for the presence of aberrantly spliced or unspliced rod opsin transcripts. To ensure no carryover of plasmid from the transfection, which could interfere in the RT-PCR, the RNA was treated with DNase1 prior to first strand cDNA synthesis. HEK 293T cells were selected for the assay as they have a high transfection efficiency, which should increase the probability that a high proportion of the cells will be transfected by both plasmids and thereby minimize background from cells transfected by the splicing construct only.
Two primer combinations were used for the RT-PCR, an exonic pair (E4F/E5R) that will amplify both the spliced and unspliced RNA transcripts and an intron-exon pair (In4F/E5R) that will only amplify from unspliced transcripts. In order to obtain an approximate estimate of the relative efficiencies of splicing in the presence of normal and mutant proteins, the number of cycles required for visualization of the PCR product within the exponential phase of amplification was established as 24 for the exonic primers and 28 for the intron-exon primers. For the exonic pair, only a single band indicative of the presence of spliced template was obtained from all co-transfected samples. No reproducible differences in band intensity were detected between cells transfected with wildtype and mutant PRPF31 constructs, in particular no reduction in spliced band intensity was seen with any of the mutants (Fig. 4A) . As a positive control, cells transfected with the splicing template construct alone gave a single band of similar intensity, indicating that the endogenous splicing machinery in the cells was adequate to perform the necessary splicing function. RNA from cells treated with plasmid but no transfection reagent gave no RT-PCR band, demonstrating that there was no plasmid carry-over.
The intron-exon pair of primers was used to examine the possibility that differences may be present in the number of unspliced RNA transcripts present in cells transfected with wildtype and mutant PRPF31 constructs. Results from this PCR amplification indicated that unspliced transcripts were indeed present, although at lower concentrations than the spliced transcripts, as evidenced by the higher cycle number required to visualize the PCR product (Fig. 4B) . However, no reproducible differences in band intensity were present between cells transfected with the normal and mutant constructs. PCRs using a primer pair from the housekeeping gene PGM1 (18) confirmed that equal amounts of total cell RNA had been used in all samples (Fig. 4C) . Taken together, these in vivo assays fail to detect any difference in splicing function between wild-type PRPF31 and either of the mutants studied, even when the mutant PRPF31 is expressed at concentrations that would be expected to dilute out the effect of the cell's endogenous protein.
Cellular localization of wild-type and mutant PRPF31 in transfected COS7 cells
The differences in sub-cellular distribution of wild-type and mutant PRPF31 indicated by the western analysis of transfected HEK 293T cells were further investigated by indirect immunofluorescence microscopy using a-His.tag antibodies. HEK 293T cells are unsuitable for microscopic analysis because of their low adhesion to glass cover slips, so a more strongly adherent COS7 cell line was used. Transfected COS7 cells were probed with the a-His.tag primary antibody followed by an FITC-conjugated secondary antibody and nucleic acids in the cells were counter-stained with propidium iodide (PrI). The expressed PRPF31 protein appears as a green signal (Fig. 5 , middle panel) whilst PrI gives a red signal and clearly delineates the nuclei and nucleoli (left panel). Co-localization of PRPF31 and nucleic acids can then be seen in merged images as a yellow/orange signal.
Wild-type PRPF31 gives a signal exclusively in the nucleus with the cytoplasm remaining unstained (Fig. 5A) whereas the western analysis indicated the presence of soluble wild-type PRPF31 in the cytosolic fraction. This dichotomy can be accounted for by the dispersal of the protein throughout the relatively large volume of the cytosol reducing the signal to below threshold visibility. Alternatively the cytosolic fraction examined in the western may have been contaminated with nuclear proteins. In Figure 5B , an enlargement of a thin slice through a transfected nucleus is shown, which confirms that the PRPF31 is present within the nucleoplasm but is excluded from the nucleoli. This staining pattern is consistent with that obtained by probing untransfected HeLa cells with an a-PRPF31 antibody (8) , although in the present case the increased signal strength due to the high expression level of the recombinant protein would appear to obscure the subnucleoplasmic structures seen in the HeLa cells as nuclear speckles and Cajal bodies (8) that are thought to be the sites of snRNP and splicing factor storage (19) . Cells transfected with empty pTriEx-1 vector gave no green signal, confirming that the green signal in transfected cells identifies the presence of His-tagged PRPF31 rather than some endogenous histidinerich protein (result not shown).
Mutants A194E and A216P, however, gave a quite different staining pattern with signal throughout the cytoplasm and rather less intense staining in the nucleus than wild-type ( Fig. 5D and F) . These results indicate that mutations A194E and A216P result in mis-location of the protein. Some soluble protein does reach the nucleus, as seen from the confocal images and from the western analysis. This suggests that the problem may lie in the efficiency of the targeting mechanism whereby the protein is translocated from its site of synthesis in the cytosol into the nucleus.
Identification of the nuclear localization signal in PRPF31
Targeting of many nuclear proteins has been shown to depend on intrinsic nuclear localization signals (NLS). Three classes of NLS motif have been identified: the classical monopartite NLS, consisting of a single stretch of basic amino acids; the bipartite NLS, which has two basic motifs separated by a spacer of 10-12 amino acids; and a non-basic type of less clearly defined composition (reviewed in 20). For the two basic types, it is known that a simple cluster of basic amino acids is generally not sufficient, yet no clear consensus sequences have been identified (21) . The region between residues 351 and 364 of PRPF31 contains a series of basic residues that are highly conserved amongst PRP31 homologues from a wide range of species ( 351 RKKRGGRRYRKMKE 364 ). This region has previously been identified as a putative NLS (3). A mutant in which this 14 residue sequence was deleted (DNLS) was constructed from wild-type PRPF31 by site-directed mutagenesis. This was expressed in COS7 cells and analysed by immunofluorescence microscopy as described above. The protein accumulated in the cytoplasm but was rigorously excluded from the nucleus (Fig. 5E ). This result confirms therefore the identification of a classical monopartite NLS in PRPF31.
DISCUSSION
Evaluation of the results presented above should take account of the fact that PRPF31 is an essential gene for splicing in all cells of the body whereas the RP11 mutations exert their pathological effects only in one highly specialized cell type, namely, the rod photoreceptors. The mutations are dominant and thus exert their effect in the presence of wild-type protein.
Moreover they show an 'all or none' mode of incomplete penetrance. Thus some individuals carry a mutation with no apparent detrimental effects whereas others with the same mutation show RP from an early age. Taken together, this basic evidence indicates that, for most cells, the level of splicing activity in mutant heterozygotes is adequate for normal cell function and, depending on other as yet undefined factors, may be sufficient in rod photoreceptors. However, if activity falls below a threshold level and this would appear to occur only in the rod photoreceptors of symptomatic patients, then full RP pathology ensues.
We have shown that the A226P mutant of yeast PRP31p, the yeast homologue of human PRPF31, would appear to have a relatively mild effect on splicing since it is able to partially complement the functional deficiency in a temperaturesensitive PRP31p-deficient strain of yeast. At the permissive temperature of 23 C, no difference in the growth rate of the strain is observed when complemented with the A226P mutant or with the wild-type protein. However, at the non-permissive temperature of 37 C, the A226P mutation shows slower growth than the wild-type. As the temperature increases, yeast generally increases its growth rate, with a consequent increased demand on splicing function. Under these conditions therefore, the A226P mutant is able to only partially satisfy the splicing demand and growth becomes limited. Moreover, full complementation of the defect is only seen under inducing conditions, when the mutant PRP31p is expressed at a high level. Hence the incomplete complementation must be due to a reduction in splicing efficiency rather than any toxic effect of the mutation.
In the yeast experiment the A226P mutation is effectively present in a homozygous condition. Thus we can deduce that the mutant protein has functional activity, although reduced in comparison to wild-type. It is tempting to extrapolate from this that a corresponding A216P mutation in PRPF31 would also reduce but not eliminate splicing activity. However, the limited sequence similarity between yeast PRP31p and human PRPF31 and known functional differences between the two proteins referred to above mean that such extrapolation should be treated with caution. The differences between the two proteins are highlighted by the failure of the human protein to complement the PRP31-deficient yeast strain and by the observation that the introduction of the human mutation at position 194 into the yeast protein at this non-conserved position fully complements the temperature-sensitive mutation of PRP31p.
An in vivo functional assay of PRPF31 activity that utilized a splicing template of bovine rod opsin requiring the removal of intron 4 was used to assess the effect of high levels of expression of the mutant protein in human HEK 293T cells against a background of endogenous normal PRPF31 activity. The assay was designed to detect the presence of aberrant splicing or failure to splice by the mutant PRPF31. Neither was detected, which is perhaps not surprising since such an effect would almost certainly be lethal in all cells of the body. RP11 disease is dominant, so the mutant protein in patients must take its effect in the presence of normal gene product. Failure to demonstrate any effect on splicing suggests that there is no dominant negative effect on the wild-type protein and that the pathology more likely arises from other causes.
Studies on the sub-cellular localization of PRPF31 protein in transfected mammalian cells show that the A194E and A216P mutations both impede but do not entirely prevent the translocation of protein from its site of synthesis in the cytoplasm to the nucleus. This conclusion is supported by the western analysis, which showed that less mutant than wild-type protein was present in the nucleus and that a higher proportion of the expressed mutant protein was insoluble. This suggests that the mutant proteins may be more susceptible to mis-folding and produce insoluble aggregates in the cytosol. Alternatively the mutants may fold normally but retention at an abnormally high concentration in the cytosol may cause aggregation and loss of solubility. It must be remembered, however, that in the transfected cells the PRPF31 proteins were expressed at abnormally high levels. Whether protein insolubility is a problem when expressed at physiological levels is unknown.
Taken together, these results offer two possible explanations for the rod photoreceptor degeneration in RP11 patients with the A194E or A216P mutations. A net reduction in concentration of functional PRPF31 protein in the nucleus, owing to its retention in the cytoplasm and/or loss of function, for example through inactivation of the Nop domain, could lead to an insufficiency of splicing function. The consequences of this may be a reduction in the concentrations of certain key proteins in the cell. Reduced levels of rhodopsin in the disorganized rod outer segments of mice heterozygous for the targeted deletion of the rod opsin gene (22) have been shown to be detrimental; photoreceptor degeneration in RP11 patients may arise therefore from the long-term effects of reduced levels of rhodopsin in rod outer segment membranes. Our results with the yeast complementation system suggest that such an insufficiency of splicing function might be overcome by protein overproduction. This would make RP11 an exciting proposition for gene therapy.
An alternative explanation for the photoreceptor degeneration is that damage may result from the accumulation over time of insoluble aggregates. Recent studies on protein deposition diseases such as Alzheimer's disease have shown that amorphous aggregates, even if derived from otherwise normally functional protein, can be highly toxic to cells (23, 24) . However, in the case of PRPF31, the absence of any apparent detrimental effect in other cells of the body where the protein is expressed makes this a less likely explanation.
The presence in PRPF31 of a classical monopartite NLS indicates that importation into the nucleus is likely to be via the importin/Ran.GTP pathway (20) . Work is now in progress to investigate the effect of mutations A194E and A216P on the binding of PRPF31 to importin.
MATERIALS AND METHODS
Oligonucleotides used as primers were purchased from SigmaGenosys. The nucleotide sequences of all primers used in this study may be obtained on application to the authors. Except where otherwise stated, all chemicals and reagents were purchased from Sigma-Aldrich.
Plasmid construction
Constructs for expression of human PRPF31 in mammalian cell lines. The complete cDNA sequence of PRPF31 was amplified from human retinal cDNA (human retina quickclone cDNA from Clontech) using HotStarTaq DNA polymerase (Qiagen) and primers 5 0 PRP31 (BspHI-tagged) and 3 0 PRP31-His (XhoI-tagged) such that the C-terminus of PRPF31 was cloned in-frame with the eight histidines of pTriEx-1 (Novagen). This was achieved by first cloning into pGEM.Teasy (Promega) and subsequently transferring the BspHI-XhoI fragment into the expression vector pTriEx-1 via the NcoI and XhoI sites to generate the plasmid pTriEx.PRPF31 His . Sequencing of this plasmid insert revealed a synonymous difference (G506A) compared with the GenBank submitted sequence, AL050369 and a coding difference (G765A) resulting in a V244M substitution. The V244M difference was also found in the sequence amplified from normal human genomic DNA in this laboratory, so it was assumed that G765A is a database error.
Constructs for expression of human PRPF31 and S. cerevisiae PRP31p in yeast. In order to study the complementation of the yeast temperature-sensitive PRP31 mutant strain (JWY2857, gift of Dr John L. Woolford), the human and yeast PRP31 coding sequences were cloned into pMyr (Stratagene). The pMyr plasmid was digested with XhoI and partially digested with SpeI (such that only the site at position 16 was cut). The human PRPF31 cDNA was reamplified with the primers 5 0 PRP31H (SpeI-tagged) and the 3 0 PRP31H-stop (XhoItagged) such that the PRPF31 protein was expressed up to its natural stop codon to generate the pMyr-human PRPF31. A second construct was made by amplification from pTriEx.PRPF31
His to include the polyhistidine tail, achieved using the 5 0 PRP31H (SpeI-tagged) and the CAGDOWN primer (Novagen) with Proof start DNA polymerase (Qiagen). This fragment was cloned into the pMyr vector cut with XhoI, rendered blunt-ended and SpeI (cut only once at position 16). This His-tagged construct, pMyr-human PRPF31
His , allowed the expression of the human PRPF31 protein in yeast to be monitored by western blotting.
The yeast PRP31p was amplified from S. cerevisiae genomic DNA (Sigma) with the primers 5 0 PRP31Y (SpeI tagged) and Construct for expression of splicing template. The sequence of bovine rod intron 4 was PCR amplified from bovine genomic DNA (Sigma) using Pfu turbo polymerase (Stratagene) and the primers E4F (ApaI-tagged) and E5R (SalI-tagged). After cloning into pGEM.Teasy (Promega), the DNA sequence was obtained by sequencing in both directions. The sequence was then excised from the pGEM.Teasy vector as an ApaI-SalI fragment and used to replace the ApaI-SalI fragment in pMT4 (25) . pMT4 is a eukaryotic expression construct containing a synthetic bovine rhodopsin cDNA under the control of the adenovirus major late promoter. The resulting construct was named pMT4i4.
Generation of site-directed mutants
Single-point mutations were introduced into human PRPF31 in the pGEM-Teasy vector using the GeneEditor site directed mutagenesis kit (Promega) using primers A194E and A216P. A deletion mutant in which the nuclear localization sequence between nucleotides 1051 and 1092 was removed (DNLS) was obtained from the same template using a QuickChange sitedirected mutagenesis kit (Stratagene) and primers DNLSforward and DNLS-reverse. After verification by DNA sequencing, the PRPF31 fragments were transferred to pTriEx-1 as before. The AatII/EcoRI fragment of the yeast PRP31 was cloned into pGEM-Teasy and used as a template for the L204E and A226P mutagenesis using the GeneEditor site-directed mutagenesis kit (Promega). After ensuring that the correct base changes had been made, the mutated fragments were reintroduced into the pMyr-yeast PRP31 plasmid and the entire gene was sequenced.
Complementation of the temperature-sensitive, PRP31p-deficient yeast strain Yeast transformations were performed following the lithium acetate procedure (26) . The temperature-sensitive JWY2857 strain was grown in YPD medium (Sigma) at 23 C. After transformation with the pMyr derived constructs, the transformants were grown at 23 C on agar containing yeast nitrogen base without amino acids (Difco) plus yeast synthetic drop-out medium supplement (without uracil) and 2% glucose. The pMyr vector contains the GAL1 promoter inducible by galactose. The strains were subsequently streaked in duplicate on the same medium with different carbon sources, either 2% glucose, or 0.25% glucose and 2% galactose, or 1% raffinose and 2% galactose, and incubated at 23 or 37 C.
Expression of wild-type and mutant human His-tagged PRPF31 in HEK 293T cells
Constructs were transiently transfected into HEK 293T cells (ECACC) in 90 mm diameter tissue culture dishes using Lipofectamine (Gibco BRL). To ensure a similar transfection efficiency for all samples, transfection with wild-type or mutant constructs was performed at the same time using aliquots of the same cells. Cells were harvested by scraping 48 h later, washed twice with PBS and pelleted gently by centrifugation. The cell pellet from one dish of cells was resuspended in 1 ml buffer A (10 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF, 0.25 mM benzamidine) and incubated on ice for 10 min. The cells were re-pelleted by spinning for 10 min in a microfuge at 2000 rpm at 4 C and then resuspended in 300 ml buffer A. For each preparation a 100 ml aliquot was removed for analysis of whole cell proteins. NaCl was added to this aliquot to a concentration of 1 M to lyse all membranes and release the proteins. To the remaining 200 ml of cell suspension detergent Nonidet P-40 was added to a concentration of 0.2% and the mixture was incubated on ice for 10 min or until all cell membranes were lysed, as checked by microscope. The suspension was spun at 3500 rpm for 10 min at 4 C and the supernatant containing soluble cytosolic proteins was removed. The pellet containing nuclei and insoluble components was resuspended in 200 ml buffer B (5 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 0.25 mM benzamidine) and NaCl was added to a concentration of 1 M. After incubation for 45 min at 4 C, nuclear lysis occurred as demonstrated by a marked increase in viscosity. The viscosity was reduced by shearing the DNA by passage 10 times through a 25 gauge needle. The suspension was then spun in a microfuge at 13 000 rpm for 40 min at 4 C and the supernatant containing soluble nuclear proteins was preserved. The protein concentration of all extracts was determined using a BioRad protein assay kit with BSA as a standard.
Western analysis of protein extracts
Aliquots containing equal amounts of total proteins were electrophoresed in 12% SDS-polyacrylamide gels in duplicate. One gel was stained with Coomassie blue stain. The proteins on the other were transferred by electroblotting to Zetaprobe membrane (BioRad) using methanol-free transfer buffer (50 mM Tris pH 9.1, 390 mM glycine, 0.04% SDS). Blots were blocked with 5% (w/v) milk powder proteins in PBS and then probed with an a-His.tag monoclonal antibody (Novagen; 100 ng/ml). After washing the blots were probed with a horseradish peroxidase-conjugated a-mouse secondary antibody (Jackson Immunoresearch Laboratories; 160 ng/ml). Immunoreactive protein was detected using enhanced chemiluminescence (National Diagnostics).
In vivo splicing assay in HEK 293T cells HEK 293T cells in 3.5 cm dishes were co-transfected with equal amounts of pMT4i4 and wild-type or mutant pTriEx.PRPF31
His using Lipofectamine (Gibco BRL). Fortyeight hours later, cells were washed twice with PBS and used to prepare total cell RNA using TRIzol reagent (Gibco BRL). Cells were lysed directly in the dish with 1 ml TRIzol containing 250 mg/ml glycogen per dish of cells. After incubation with chloroform and phase separation, isopropanol was added to the aqueous phase to precipitate the RNA. The RNA was pelleted by centrifugation in a microfuge at 12 000 rpm for 10 min at 4 C, rinsed in 70% aqueous ethanol and re-dissolved in 20 ml cDNA synthesis buffer (10 mM Tris pH 8.3, 50 mM KCl, 2.5 mM MgCl 2 ). Contaminating DNA carried over from the cell transfection was then removed by treatment with RNase-free DNase1 (Roche Molecular Biochemicals) at 37 C for 15 min and the DNase1 was inactivated at 75 C for 10 min. First-strand cDNA synthesis was then performed using AMV reverse transcriptase and oligo-p(dT) 15 primer (both Roche Molecular Biochemicals) by incubation first at room temperature for 10 min, then at 42 C for 1 h, followed by enzyme inactivation at 99 C for 5 min. This cDNA was then assayed for the presence of spliced, aberrantly spliced and unspliced transcripts derived from the splicing template construct (pMT4i4) using a PCR-based approach. The primer combination E4F/E5R was used to probe for the presence of spliced, aberrantly spliced and unspliced transcripts, whilst the combination In4F/E5R was used to probe for the presence of unspliced transcripts only. As an internal control for total RNA in each assay, PCRs were also conducted using primers for the housekeeping gene PGM1 (PGM1F and PGM1R) (18) . Thermocycling was conducted for 24 cycles (E4F/E5R), 28 cycles (In4F/E5R) and 30 cycles (PGM1F/PGM1R), respectively, to ensure amplification was still in the exponential (not plateau) phase, as verified by varying cycle number. PCR products were analysed on ethidium bromide-stained agarose gels.
Immunofluorescence analysis of transfected COS7 cells by confocal microscopy COS7 cells were plated on to glass coverslips and transfected with wild type or mutant pTriEx.PRPF31
His constructs using the method specified above. After 48 h, the cells were washed with PBS, fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 and blocked with 5% fetal calf serum (First Link). They were then probed with a-His.tag monoclonal antibody (Novagen; 100 ng/ml). After repeated washing with PBS, the cells were re-blocked with 5% goat serum (Sigma) and then incubated with a fluorescein isothiocyanate-conjugated a-mouse secondary antibody (Jackson ImmunoResearch Laboratories; 30 mg/ml). After washing the cells were stained for nucleic acids with propidium iodide (PrI; Sigma) and mounted in DAKO fluorescent mounting medium. Cells were viewed using a Zeiss LSM510 confocal fluorescent microscope.
